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ABSTRACT 
NUTRIENT TRANSPORT BY SEDIMENT WATER INTERACTION 
Th i s  r e p o r t  presents  t h e  r e s u l t s  o f  a s e r i e s  o f  l a b o r a t o r y  t e s t s  t o  
i n v e s t i g a t e  phosphate t r a n s p o r t  i n  sediments sub jec ted  t o  one dimensional  
consol  i d a t i o n  type  1 oadi  rig. P-32 techniques a re  employed. The r e s u l  t s  
i n d i  c a t e  t h a t  measurabl e t r a n s p o r t  occurs f c r  phosphate concent ra t ions  on 
t h e  o rde r  o f  2 mg p/grn d r y  s o i l  o r  more and f o r  loads  i n  excess o f  t h e  
p r e c o n s o l i d a t i o n  l oad  f o r  t he  samples. 
I n  a d d i t i o n ,  t he  r e p o r t  d iscusses models f o r  t h e  exchange o f  phosphates 
between sediment o r  s o i l  i n  l akes  and l a k e  waters. These models a re  ex- 
pressed i n  a form t h a t  a l l ows  them t o  be used t o  p r e d i c t  t h e  
environmental  impact o f  c o n s t r u c t i o n  opera t ions  i n  aqua t i c  environments. 
Three modes o f  i n t e r a c t i o n  a re  discussed: 1 ) exchange due t o  new s o i l  
su r faces  be ing  exposed, 2) exchange due t o  t he  d i s p e r s i o n  o f  s o i l  p a r t i c l e s  
i n  t h e  water, and 3 )  r e l ease  due t o  f o r c e d  d r a i ~ a g e  o f  wa te r  f rom sediments. 
The c o n d i t i o n s  under which each mechanism m igh t  be i n f l u e n t i a l  a re  d i s -  
cussed and mathematical  models a r e  developed f o r  q u a n t i t a t i v e  p r e d i c t i o n s .  
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t o  d i f f u s i o n  o u t  o f  sediments f o r  t h e  case where t h e  phosphate con ten t  
o f  t h e  l a k e  i s  i n i t i a l l y  zero.  Th is  h y p o t h e t i c a l  case would rep resen t  
t he  s i t u a t i o n  i n  which undef ined a c t i o n  would c l e a n  up the  l a k e  water  b u t  
n o t  a f f e c t  t h e  phosphate con ten t  i n  t he  sediment. Extensions t o  a  var ie t \ y  
o f  o t h e r  s i t u a t i o n s  a r e  a1 so presented. 
LABORATORY STUDIES OF MOBILITY OF PHOSPHATES UNDER 
ONE DIMENSIONAL CONSOLIDATION 
Experimental  Procedure 
- 
I f  the  l oad  on a  l a y e r  o f  h i g h l y  compressible porous sa tu ra ted  s o i l  
such as c l a y  i s  increased, t he  l a y e r  w i l l  compress as t h e  excess water  
d r a i n s  o u t  o f  t h e  s o i l .  Th i s  process i s  termed conso l i da t i on .  The added 
l oad  o r  p ressure  per  u n i t  o f  area t h a t  produces c o n s o l i d a t i o n  i s  known 3s 
t h e  c o n s o l i d a t i o n  pressure o r  c o n s o l i d a t i o n  s t r ess .  I n  t h e  process o f  
conso l i da t i ng ,  t h e  excess wa te r  pressure decreases and the e f f e c t i v e  s t r ess  
( s t r e s s  c a r r i e d  by s o i l  s ke le ton )  increases.  A f t e r  a  l ong  ( t h e o r e t i c a l l y  
i n f i n i t e )  t ime  t h e  excess h y d r o s t a t i c  pressure becomes equal t o  zero and 
t he  t o t a l  consol i d a t i o n  pressure becorr~es t h e  e f f e c t i v e  s t r ess .  I t  i s  assumed 
t h a t  f l o w  o f  water  i s  v e r t i c a l  o n l y  and dra inage i s  f rom upper and lower  
sur faces o f  t h e  sample. I t  i s  a1 so assumed t h a t  t h e  consol i d a t i o n  s t r e s s  
i s  un i  form throughout  t h e  sample. 
The t ime dependency o f  d i s t r i b u t i o n  o f  e f f e c t i v e  s t r e s s  i n  t h e  s o i l  
i s  shown i n  F ig .  1C. I t  may be seen t h a t  f o r  s o i l  t h e  r e d u c t i o n  i n  pore  
water  pressure i s  n o t  o n l y  t ime dependent b u t  i s  a l s o  a  f u n c t i o n  o f  pos i -  
t i o n  a long  t he  c y l i n d e r .  Th is  i s  because r e s i s t a n c e  t o  f l o w  o f  water  i n  
s o i l s  a r i s e s  throughout t h e  mass due t o  t h e  low pe rmeab i l i t y .  
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Fig .  1 Consol idat ion t e s t  cond i t i ons ,  (A) appara tus ,  (B)  i n i t i a l  
excess  pore p re s su re  d i s t r i b u t i o n ,  (C) t ime dependent pore 
p re s su re  d i s s i p a t i o n ,  and (D) time dependent water flow 
v e l o c i t y .  
Because the ends of the sample are a t  atmospheric pressure, the 
water will begin to flow o u t  t o  b o t h  ends of the sample in a time dependent 
manner. Water moving through the pores in the soil  mass will drag ions 
with i t .  Therefore, the hydraul i c  gradient causes the gradual movement 
of the ions o u t  of the so i l .  The velocity of the pore water depends on 
position and time, th is  relationship being shown in Fig. I D .  Minimur~i 
effective pressure occurs a t  the two ends of sample, therefore the maximum 
velocity will be a t  these points. Similarly, the minimum velocity will be 
in the center of the sample has zero velocity. Because electrostat ic  and 
electrodynamic forces tend t o  hold the ions t o  the soi l  part ic les ,  ions 
will flow with the water a t  a velocity equal t o  or less  than the velocity 
of the water. 
The experimental program was designed to study the phenomenon of 
phosphate ion transport as a function of hydraul i c pressure gradient and 
of overall ion concentration in the pore fluid.  Because we wish to measure 
transport of phosphorus under hydrodynamic pressure gradients, transport due to 
the other process must be minimized. In particular,  diffusion due to 
chemical concentration gradients must be eliminated. To accomplish th i s ,  
the phosphorus concentration throughout the sample was held constant. Never- 
theless,  i t  should be noted that  se l f  diffusion, defined as interdiffusion 
of identical ions under no chemical gradient, introduced an a r t i f a c t  into 
the data for  which a correction was appl ied. 
The soi l  used in this  investigation was Grundite Bond Clay from 
A .  P.  Green Refractory Products in Jo l i e t ,  I l l inois .  I l l i t e  i s  a clay 
mineral having a generalized formula ( O H ) 4  ( K ,  CaO. 5, Na)l, 68 (Si7. 30, AloO 70) 
(A10,949 Fel ,94' Fe0.38y Mg~.80)020* The material i s  uniform with an average 
g r a i n  d iameter  o f  approx imate ly  2  microns. .Sol  i d  p a r t i c l e s  a r e  p l a t e  shape 
and t h e  r a t i o  o f  d iameter  t o  th ickness  i s  about 10 t o  1. 
Potassium dihydrogen phosphate c r y s t a l s  (KH2P04) d i s s o l v e d  i n  wate r  
were used as t h e  phosphate s o l u t i o n  because most i n v e s t i g a t o r s  have con- 
c luded t h a t  t h e  i o n i c  form o f  phosphate i n  t h e  s o i l  would be H2p0; p3' 
c a r r i e d  i n  h y d r o c h l o r i c  a c i d  as KH2P04 was d ispersed  i n  t h e  s o l u t i o n  f o r  
tagged samples. A  q u a n t i t y  o f  p3' hav ing an i n i t i a l  a c t i v i t y  o f  1  m c i /m l  
and 51 ci/mg P was ob ta ined  f rom Amersham/Searle f o r  use i n  t h i s  i n v e s t i g a -  
t i o n .  
The v a r i a b l e s  examined i n  t h e  p resen t  exper imenta l  program were: 
1 )  e f f e c t s  o f  magnitude o f  pore pressure g r a d i e n t  on phosphorus 
t r a n s p o r t ,  and 
2 )  e f f e c t  o f  o v e r a l l  phosphorus concen t ra t i on  on t h e  phosphorus 
t r a n s p o r t .  
Two types o f  t e s t s  were performed. The p r i n c i p a l  t e s t  t ype  cons i s ted  
o f  c o n s o l i d a t i n g  a  s e r i e s  o f  samples hav ing t h e  same o v e r a l l  phosphorus 
concent ra t ion ,  b u t  us i ng  c o n s o l i d a t i o n  s t resses  o f  0, 0.1, 0.5, 1 ,  2, 4  and 
2  8 kg/cm . An a u x i l i a r y  t ype  o f  t e s t  was performed t o  p r o v i d e  da ta  f o r  
c o r r e c t i n g  f o r  s e l f  d i f f u s i o n .  I n  these t e s t s ,  e f f e c t i v e l y  zero  l o a d i n g  
was ma in ta ined  f o r  d i f f e r e n t  leng ths  o f  t ime  and f o r  t h e  va r i ous  phosphorus 
concent ra t ions  used. These t e s t s  a l lowed f o r  de te rmin ing  t h e  v a r i a t i o n  i n  
s e l f  d i f f u s i o n  c o e f f i c i e n t  as a  f u n c t i o n  o f  phosphorus concent ra t ion .  
Three master samples, one tagged w i t h  p3' and t h e  o t h e r  two untagged, 
were prepared f o r  each phosphate concent ra t ion .  These samples were con- 
2  s o l i d a t e d  t o  1  kg/cm . Sect ions f rom these rnaster samples were used f o r  
i n v e s t i g a t i o n  o f  t he  m o b i l i t y  o f  phosphate a t  t h e  d i f f e r e n t  loadings.  
The amount of water used for  preparing the slurry was determined by 
experimenting t o  obtain a consistency tha t  was suf f ic ien t ly  f luid t o  allow 
the a i r  bubbles t o  be expelled by gentle vibration. The actual amount of 
added solution was 406 ml of water for  400 gr of dry so i l .  The phosphorus 
concentration of the slurry in the different  t e s t s  was calculated t o  obtain 
0.005, 0.2, 1 and 2 mg phosphorus for  one gr of dry so i l .  The different  
concentrations of KH2P04 solution were obtained by di lut ing a stock solution 
of 17.30 gr KH2P04 in 2 l i t e r s  of water. 
In each s e t  of t e s t s  two kinds of bulk samples were made. One contained 
KH2P04 solution and the other contained KH2P04 solution containing a t race 
3 2 amount of P . In order not t o  have any concentration differences in the 
samples, the amount of total  added phosphorus for  the untagged and tagged 
samples was exactly equal. The s lurry was placed in a teflon coated tube 
with 10 3/4" length, 2" outside diameter and 1 3/4" inside diameter. The 
consolidation tube was l ight ly  lubricated inside with Dow Corning Silicon 
Oil. A rubber membrane was vacuum expanded within the tube (see Fig. 1 A ) .  . 
In each s e t  of master samples, three tubes were used,one for tagged s lurry 
and two for  untagged slurry. A polyethylene loading cap, a porous p las t ic  
disk and a f i l t e r  paper disk were introduced before f i l l i n g  the tube with 
slurry. When suff ic ient  paste was introduced into the tube, a f i l t e r  paper, 
a porous plast ic  disk and a polyethylene cap were placed a t  the top .  The 
polyethylene caps were dr i l led  through for  expulsion of water. The porous 
disks were deaired by boiling. 
The samples were then one dimensionally consolidated w i t h  drainage 
from both sides by applying weights through a loading yoke. The loading 
increments used were: 1 k g ,  2 k g ,  4 k g ,  8 kg and 16 kg tha t  gave consoli- 
2 dation s t resses  equal to  1/16, 1/8, 1/4, 1/2 and 1 kg/cm respectively. 
Each load was a1 lowed to stand until cornpression had effectively ceased. 
For each increment a curve of compression versus time and obtained. 
Horr~ogeniety and uniformity of the samples were c r i t ica l  in determining 
the incrernent of loading. Small load increments give uniform sampl es 
since the soi l  particles s h i f t  the i r  position gradually and the skeleton 
of soil  compacts uniformly. Using th i s  procedure i t  i s  possible to obtain 
almost identical par t ic le  orientation distributions throughout the sample. 
According to Rowell, e t  a1 (1967) one month i s  required for  equilibrium 
2 
of P~~ -p3' to be obtained in so i l s .  Consol idation of 1 kg/cm required 
one month and therefore i t  i s  assumed that  the p3' was uniformly distributed 
in tagged sample. 
After the master samples had been consol idated to 1 kg/cm2, they were 
extruded from the tubes and sectioned into 0.750 inch high pieces as shown 
in Fig. 2. Five pieces were available from each tube, therefore each s e t  
of three master samples yielded material for  f ive individual investigations. 
For the final t e s t  se r ies ,  teflon coated tubes with 2 7/8" height, 
2" outside diameter and 1 3/4" inside diameter were used to  contain a tagged 
section sandwiched between two untagged sections. The tubes were assembled 
by introducing a polyethylene loading cap, a porous plast ic  disk and a 
f i l t e r  paper followed by a 3/4" untagged section, a 3/4" tagged section 
and 3/4" untagged section obtained from the master samples. Finally, a 
f i l t e r  paper, porous plast ic  disk and polyethylene loading cap were placed 
a t  the top. 
The f ive sampl es so prepared were one dimensional 1 y consol idated with 
drainage from both ends. During consolidatior~ the sarnples were kept wet 
UNTAGGED TAGGED UNTAGG E D  
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Fig. 2 Assembly of  i nd iv idua l  t e s t  samples 
from master samples 
to  prevent water loss  due t o  evaporation. The f ina l  s t r e s s e s  employed were 
0 ,  0.1, 0.5, 1 ,  2, 3 and 8 kg/cm2, and the desired s t r e s s  was applied in a 
s ing le  increment. Deflection versus time was monitored during 1 oading. A 
t o t a l  of 25 individual samples were tes ted .  
After consol idation ceased, the samples were extruded from the  tube 
gradually and sectioned in to  pieces of 0.01" thickness. Sect ior~ing s t a r t ed  
from one end and s l i c e s  of 0.01" were taken i n  sequence. From each sample 
180-200 sections were obtained. Sections were placed i n  aluminum f o i l  and 
over dried f o r  24 hours. Each section was individually ground as  f i ne ly  
as  possible and was placed in a preweighted planchet. Approximately 0.500 
grams of powder was smoothed and compacted i n  the planchets w i t h  the aid of 
a f i t t e d  plunger. The pl anchets and powder were then weighted t o  0.1 mg 
accuracy. 
Radioactivity assay was done by Nuclear-Chicago model 8703 gas flow 
counting system. The number of counts i s  proportional t o  the counting 
time and i s  a l so  a function of the weight of the sample. I t  was determined 
t ha t  the  re la t ionship  between weight and counts i s  l inea r .  In this invest i -  
gation ten minutes counting f o r  approximately 500 mg of dry sample was used. 
The weight of the 0.01 " sect ions  of samples were approximately 500 mg and 
t h u s  the e n t i r e  section was counted. The average of the  two countings was 
taken f o r  the individual sections.  In order t o  normalize the values f o r  the 
sect ions ,  the counts were expressed i n  counts per minute per gram of dry 
s o i l .  Each sample had been divided in to  about 200 sections.  Because only 
the  center  one th i rd  of the  sample was tagged, the average counts from the  
f i r s t  and the l a s t  ten sections were taken as background in each sample. 
Data a v a i l a b l e  f rom t h e  t e s t s  a r e  t he  we igh ts  o f  t h e  sec t i ons  and 
t h e  t ime  and counts g i ven  as a  p r i n t e d  o u t p u t  by t h e  Nuclear-Chicago equip- 
ment. These numbers were punched on computer cards i n d i v i d u a l l y  f o r  cornputer 
ana l ys i s .  Some 8000 da ta  p o i n t s  were accumulated f o r  these t e s t s .  
Ana l ys i s  o f  Test  Resu l ts  
The e f f e c t  o f  s e l f  d i f f u s i o n  must be cons idered i n  q u a n t i t a t i v e l y  
e v a l u a t i n g  t h e  r e s u l t s  o f  these t e s t s .  By e l i m i n a t i n g  bo th  chemical  and 
hydrodynamic d i f f u s i o n ,  t h e  d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v e  spec ies can 
be used t o  determine t he  s e l f  d i f f u s i v i t y  o f  phsophate. The phsophate 
system i s  compl icated, and phosphate n o t  o n l y  e x i s t s  i n  r e a d i l y  exchange- 
ab le  d i s s o l v e d  forms, .but a1 so i n  forms which exchange o n l y  s l ow l y  w i t h  
t he  s o l u t i o n .  There fo re  t h e  d i f f u s i o n  c o e f f i c i e n t  w i l l  va r y  w i t h  t ime  i f  
the  d i f f u s i n g  ions  a r e  removed f rom t h e  system by s o r p t i o n  o r  exchange. 
There a r e  severa l  f a c t o r s  p l a y i n g  d i s t i n c t  r o l e s  i n  phosphate f i x a -  
t i o n  i n  s o i l s  such as type  o f  s o i l ,  p a r t i c l e  s ize, pH, temperature,  o rgan ic .  
con ten t  and t h e  t ime o f  r eac t i on .  Comparing t h e  d i s t r i b u t i o n  curves f o r  
d i f f e r e n t  concen t ra t ions  i n d i c a t e s  t h a t  more P~~ d i f f u s e d  a t  h i g h e r  con- 
c e n t r a t i o n s .  ' T h i s  suggests t h a t  a t  ve ry  h i g h  concen t ra t i ons  o f  added P, 
t he  m o b i l i t y  o f  P inc reases  because t h e  exchange c a p a c i t y  o f  t h e  s o i l  i s  
more than s a t i s f i e d .  
The t ime and concen t ra t i on  dependent s e l f  d i f f u s i o n  c o e f f i c i e n t  o f  
phosphate i n  t h e  t e s t  s o i l  was examined exper imenta l l y .  I n  these t e s t s ,  
s o i l s  a t  each o f  t h e  P concen t ra t ions  were prepared by equi  1-1 b r a t i n g  w i t h  
P~~ ove r  a  p e r i o d  o f  f o u r  weeks. T h i s  p e r i o d  g i ves  un i f o rm  l a b e l l i n g  o f  
t h e  m o i s t  s o i l .  Dur ing  t h i s  t ime  p3' w i l l  e q u i l i b r a t e  r a p i d l y  w i t h  a  
certain fraction of the soil  P and then more slowly with further fractions.  
Radioactive and nonradioactive soil  plugs were placed in contact and the 
resulting diffusion was determined as a function of distance by the section- 
ing technique previously described. 
The objective of the experiments for  se l f  diffusion was to  allow for  
correcting the experimental data for  the contribution due to se l f  diffusion. 
In order to obtain an accurate correction for  se l f  diffusion, the t e s t s  
were performed for  the times and phosphate concentration actually used in 
the second phase tes t s .  
The p3' distribution curves for  t e s t s  performed a t  various consolida- 
tion pressures are  shown in Fig. 3. These curves are drawn in two parts.  
The dots represent data points for  total  transport a f t e r  consolidation. The 
sol id 1 ines represent the contribution due to  se l f  diffusion determined from 
the experimental t e s t s  in which effectively zero loading was maintained. In 
sandwiching the tagged section between the untagged sections, water and soi l  
particles are i n i t i a l l y  a t  a single interface and the P~~ i s  distributed 
uniformly. In the process of consolidation, water and soi l  par t ic les  will 
not stay in the i r  i n i t i a l  position. When a load i s  applied to  the sample, 
the soil  par t ic les  will compress inward and the 1 iquid will drain outward. 
The amounts of movement will depend on the applied load. Drainage of water 
causes a change in the void ra t io  of the sample. The void ra t io  i s  defined 
as the r a t io  of volume of voids to the volume of solids.  This change can be 
evaluated from the water content of the samples a t  the in i t i a l  and final 
s ta tes .  For a given sample under consolidation pressure, the distance 
moved by the f luid and the distance moved by the soil par t ic les  from the 
in i t i a l  interface can be evaluated from the in i t i a l  and final void rat ios .  
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In Fig. 4, L ,  LW and LS denote the i n i t i a l  length of tagged sample, 
I 
the final length over which i n i t i a l l y  tagged water i s  dis t r ibuted,  and 
I 
the final length over which the i n i t i a l l y  tagged soil  i s  distributed 
respectively. LS and LW are obtained: 
where i  = void r a t io  before loading 
ef = void ra t io  a f t e r  loading. 
The values of L ,  LW and LS are shown on Fig. 3. 
1 
I 
i Discussion of Test Results 
The ef fec t  of non-self diffusion dependent transport of P can be 
1 
1 evaluated by reference to  Fig. 3. The sol id curves represent the predicted 
I distribution of p3' due only to  self-diffusivi ty  and the dots represent the 
i 
actual distribution of p3' in the samples a f t e r  consolidation. Thus, when- 
/ ever the data points l i e  outside of the self-diffusion curve, i t  may be 
1 
presumed tha t  some additional transporting mechanism i s  operating. The 
i 
! 
assumption in designing th i s  experimental ser ies  was that  such additional 
, transport would be due to  hydrodynamic transport due t o  water flowing out 
j 
i of the sample. 
I 
1 Reference to Fig. 3  shows that  transport in excess of that  a t t r ibutable  
i 
to self  diffusivi ty  clearly occurred in the 2 mg P/gr of dry soil  for  con- 
I 
j 2 solidation s t resses  of 2 ,  4  and 8 kg/cm . In addition, there i s  evidence of 
additional transport for  0.2 mg P/gr of dry soil  for 4 kg/cm2 loading. 
Fig  4 .  l n i t i a l  tagged-untagged i n t e r f a c e  (L) , and l i m i t s  o f  tagged 
water  (LW) and tagged s o i l  (LS) a f t e r  conso l ida t ion  
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Fig.  5 I d e a l i z e d  modes o f  i o n  t r a n s p o r t  t e s t  r e s u l t s  
However, t h i s  resu l t  i s  viewed with some doubt since tha t  sample performed 
poorly during consol idation. In par t icular ,  the sample was loaded eccentri- 
cal ly  and tipped excessively during consol idation. Some soi l  was los t  from 
the tube in the process. In a l l  other cases, while some non-self diffusion 
dependent transport may have occurred, the resolution obtainable from the 
experimental technique employed was n o t  suff ic ient  for i t s  detection. 
In assigning a mechanism to explain the non-self diffusion dependent 
part of the ion transport, i t  i s  useful to  compare the actual data points 
with the final length over which the i n i t i a l l y  ta.gged water was distributed 
a f t e r  consolidation. This length i s  denoted by LW on Fig. 3.  The simplest 
possible hydrodyr~amic flow related model i s  that  the radioactive P would 
extend outward only as f a r  as LW (or the outer l i r r~i t  of se l f  diffusion i f  
tha t  exceeds LW). Depending on the location of the distribution curve with 
respect to LW, three mechanistic modes as shown in Fig. 5 may be postulated: 
1 .  The amount of transported water i s  larger than the amount of 
transport of ions shown by the distribution curve. This implies tha t  ions 
are  not being transported with the water. This mode was observed a t  low 
added P concentrations (0.005, 0.2, 1 mg P /g r  dry s o i l ) .  I t  i s  1-1 kely tha t  
because of the low concentration of phosphate, essentially a l l  of the added 
ions are sorbed onto the clay part ic les  and the flow of water did not cause 
them to be released. For these cases transport could conceivably be ini t ia ted 
a t  higher applied consolidation pressures, though this was not observed in 
these t e s t s .  
2. The distribution curve terminates exactly a t  LW + the self  diffusion 
distance. This can be interpreted as strong evidence for  the transporting 
of ions by the water alone. Ions move as much as the water flows, therefore 
t he  i on - t ranspo r t  depends s imp ly  on the  f low. Th i s  case was observed a t  
h igher  phosphate concentrat ions and f o r  h igh  co r~so l  i d a t i o n  s t resses 
2  (2  mg P/gr d r y  s o i l  and 2, 4 and 8 kg/cm ) .  Th is  phenomenon cou ld  be 
expla ined by a  combined mechanism. A p a r t  o f  t he  t r a n s p o r t  would be due 
t o  f l ow  c a r r y i n g  ions  t o  LW. The t r a n s p o r t  beyond LW would be accounted 
f o r  by s e l f  d i f f u s i o n  o f  phosphate ions  i n  t he  water. This  s e l f  d i f f u s i o n  
would r e s u l t  i n  tagged phosphate d i f f u s i n g  o u t  i n t o  i n i t i a l l y  untagged 
water. On a  semi -quant i ta t i ve  basis ,  t h i s  mechanism appears promis ing f o r  
exp la in ing  the  experimental  observat ions. The v a l i d i t y  o f  t h i s  mechanism 
i s  f u r t h e r  supported by t h e  observat ion t h a t  f o r  conso l i da t i on  o f  s t resses 
2  below the  p reconso l i da t i on  s t ress  (1 kg/cm ) where the re  was l i t t l e  o r  no 
a d d i t i o n a l  compression upon reconso l i da t i ng  t h e  samples (2 mg P/gr d ry  s o i l ,  
2  0.1 and 1  kg/cm ), s e l f  d i f f u s i o n  alone was capable o f  e x p l a i n i n g  a l l  o f  t he  
observed t ranspor t .  
3. Transpor t  o f  ions extends beyond LW p lus  s e l f  d i f f u s i o n .  Th is  
case was n o t  observed i n  these studies. 
I n  summary, f o r  low added phosphate concentrat ions and f o r  low con- 
so l  i d a t i o n  stresses, a1 1  phosphate t r a n s p o r t  cou ld  be accounted f o r  by 
s e l f  d i f f u s i o n  alone. A t  h igh  added phosphate concentrat ions and f o r  h igh  
conso l i da t i on  stresses, phosphate t r a n s p o r t  cou ld  n o t  be expla ined by e i t h e r  
s e l f  d i f f u s i o n  o r  t r a n s p o r t  w i t h  a  un i f o rm ly  advancing water i n t e r f a c e  
alone, b u t  could be semi -quan t i t a t i ve l y  accounted f o r  by a  mechanism 
i n v o l v i n g  a  combination o f  these two fac to rs .  
Concl u s i  ons 
1. S e l f  d i f f u s i o n  a lone appears t o  e x p l a i n  t h e  t o t a l  t r a n s p o r t  f o r  low 
P  concent ra t ions  (0.005, 0.2 mg P/g d r y  s o i l )  (see F ig .  3) .  
2. S e l f  d i f f u s i o n  a lone appears t o  e x p l a i n  t h e  t o t a l  t r a n s p o r t  f o r  a l l  
concen t ra t ions  a t  s t resses  l e s s  than o r  equal t o  t h e  p r e c o n s o l i d a t i o n  
2  2  
s t ress ,  o f  1  kg/cm ( 2  mg P/g d r y  s o i l  , 0.1 and 1  kg/cm ). 
3. For low concent ra t ions  and low c o n s o l i d a t i o n  s t resses  t h e  exper imenta l  
techniques were n o t  s e n s i t i v e  enough t o  a l l o w  f o r  drawing d e f i n i t e  
conc l  usions , however s e l  I' d i f f u s i o r ~  a lone  appeared t o  e x p l a i n  t h e  
r e s u l t s .  The apparent l a c k  of t r a n s p o r t  due t o  f l o w i n g  wate r  rrlay have 
r e s u l t e d  f rom t h e  i ons  be ing  sorbed onto t h e  c l a y  p a r t i c l e s .  
4. S e l f  d i f f u s i o n  a lone cannot e x p l a i n  t he  t o t a l  t r a n s p o r t  f o r  h i g h  con- 
c e n t r a t i o n s  ( 2  mg P/gr d r y  s o i l )  and h i g h  s t resses  (2, 4, 8 kg/cmz). 
a)  A s imp le  mechanisrrl based on un i f o rm  f l o w  o f  water  i n  a l l  pores 
i s  n o t  s a t i s f a c t o r y  f o r  e x p l a i n i n g  t h e  excess t r a n s p o r t  f o r  these 
concent ra t ions  and s t resses.  Rad ioac t i ve  phosphate extends beyond 
t he  tagged-untagged water  i n t e r f a c e  f o r  these cases. 
b )  A conceptual  model based on combinat ion o f  f l o w  t r a n s p o r t  and 
s e l f  d i f f u s i o n  appears t o  be a b l e  t o  e x p l a i n  these  data.  
MODELS FOR PHOSPHATE TRANSPORT I N  AQUATIC SYSTEMS 
I n  develop ing a  mathematical 'model f o r  phosphate t r a n s p o r t  i n  aqua t i c  
systerr~, a  r~umber of f ac to r s  rrlust be considered. I n  previous, work Moore 
and S i l v e r  (1972) presented some 250 mechanisms repo r ted  i n  t h e  1  i t e r a t u r e  
whereby phosphate cou ld  be t r anspo r ted  i n  aqua t i c  systerns. O f  these, some 
invo lved ,  d i r e c t l y  o r  i n d i r e c t l y ,  t r a n s p o r t  i n t o  o r  o u t  o f  sediments. 
C l e a r l y  n o t  a l l  mechanisms are  o f  equal importance. The e f fec t i veness  o f  
any g iven mechanism depends upon t h r e e  fac to rs :  
1. The frequency w i t h  which the  mechanism occurs. Take f o r  example a  
randomly chosen mechanism - the  u t i l i z a t i o n  o f  adsorbed phosphorous 
by bac te r i a .  A c r i t i c a l  f a c t o r  i s  t h e  number o f  b a c t e r i a  engaged i n  
t h i s  process. 
2. The r a t e  o f  tu rnover  o f  t h e  rr~ect-~ar~isrn. Return ing t o  t he  example o f  
bac te r i a ,  t h i s  f a c t o r  i s  incorpora ted  i n  t he  r a t e  a t  which t h e  adsorb- 
t i o n  process occurs. 
3. The q u a n t i t y  o f  t r a n s f e r r e d  each t ime the  mechanism operates. 
The q u a n t i t a t i v e  importance o f  a  g iven mechanism i s  r e f l e c t e d  i n  t h e  
product  o f  these th ree  fac to rs .  Before these products can be formed, data 
on t h e  th ree  f a c t o r s  must be ava i l ab le .  
I n  eva lua t i ng  the  impact o f  a  g iven mechanism on eu t roph i ca t i on  processes, 
two o the r  f a c t o r s  must be considered. 
1. The d i s tance  o f  t r ans fe r .  Some mechanisms, such as adsorp t ion  by p l a n t '  
roo ts ,  i n v o l v e  t r a n s p o r t  over microscopic  d is tances.  Other mechanisms, 
such as sur face  f i s h  dy ing  and fa1  1  i n g  t o  t h e  l a k e  bottom, i n v o l v e  l ong  
d is tances o f  t r a n s f e r .  
2. The chemical s t a t e  o f  the  phosphate a f t e r  t r a n s f e r .  Some mechanisms 
re lease phosphate i n  a  h i g h l y  useable form, o the r  mechanisms t i e  up 
phosphate o r  re lease i t  i n  a  l e s s  useable form. 
Any at tempt  t o  model t h e  f a t e  o f  phosphates i n  t he  t o t a l  aquat ic  
envi  ronlner~t must consider  these f a c t o r s  a1 so. 
Role of Sedirnents in Eutrophication 
The phosphate contents of many sediments are quite high. Therefore, 
they must not be ignored as a potential source of nutrients for  eutrophica- 
tion processes. In an attempt to  assess th i s  role ,  the l i t e ra tu re  review 
of Moore and Silver (1  972) has been summarized in quantitative terms. From 
th i s ,  certain general conclusions have been drawn concerning the role of 
sediments in eutrophication. 
Figure 6 i s  a diagram which depicts reported phosphate concentrations 
in water in mg/k. The data are plotted in order of increasing P concentra- 
tion. The ordinate i s  dimensionless - each point represents one value 
reported in the l i t e ra tu re  and each observation i s  a rb i t r a r i ly  plotted one 
graph division above the previous observation. If one wished to  assign 
mathematical significance to the diagram, i t  i s  that  the slope of the 
diagram i s  proportional to the frequency of reporting of any given mechanism 
in the l i te ra ture .  The purpose here, however, i s  to  provide a visual means 
of describing phosphate content l imits.  Shown on Figure 6 are l ines 
representi ng : 
1 .  the minimum phosphate contented threshold, or level below which eutrophica- 
tion does not appear to be a problem (. 01 m g / ~ ) ,  
2. the thresh01 d for  accelerated growth, or 1 eve1 above which eutrophication 
has been observed to  be a s ignif icant  problem (0.1 m g / ~ ) ,  and 
3. the rnaxirl.~um concentration recornwended by the Cal urr~et conferees ( .033 m g / ~ ) .  
The source of a fourth l ine  labeled threshold for  release by sediments will 
be expl ained subsequently. 
Figure 7 presents a similar representation for  data reported in the 
l i t e ra tu re  for  phosphate contents of sediments. In th is  figure the heavy 
points (or 1 ines, when a range of values was indicated) represent cases 
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Fig. 7 Reported Phosphate Concentrat ions i n  Sediment 
where i t  was spec i f ica l ly  pointed out i n  the  l i t e r a t u r e  t h a t  eutrophication I 
was a problem. Figure 8 presents a p lot  of phosphate contents in water 
( m g / ~ )  versus phoshpate contents i n  sediments (mg/kg) fo r  those cases where 
both values were reported i n  the 1 i t e ra tu re .  The two dotted slope l ines  
show what a r e  considered t o  be reasonable bounds on the data. The sol id  
slope l i n e  is ru l e  of thumb best  f i t  l i n e  which puts the  sediment phosphate 
concentration (mg/kg) a t  10,000 times the phosphate concentration i n  the I 
water ( m g / ~ ) .  While this is a ru le  of t h u m b  corre la t ion,  i t  appears t o  be 
re la t ive ly  strongly established by the  data presented. 
i 
The data i n  Figures 6,  7 and 8 can be e f fec t ive ly  in ter- re la ted.  1 
Consider the two dotted l ines  on Figure 8 t o  be reasonable bounds of sedi- I 
went phosphate concentration as  a function of water phosphate concentration. 
T h u s  f o r  any value of water phosphate concentration one can obtain a pai r  of 1 1 
probable bounding values fo r  sediment phosphate concentration. Table 1 
l i s t s  the range values fo r  the  special 1 imits shown on Figure 6. These 
l imi t s  a re  shown as banded regions on Figure 7. Again the  ordinate has no 1 
1 
1 
significance.  These values agree qu i te  well with the heavy dots representing 
cases where eutrophication was reported as being a problem. T h u s  i t  may be 
concluded t h a t  300 rng/kg phosphate i n  sediment cor re la tes  w i t h  the threshold 
i 
vallre fo r  phosphate in the water. T h i s ,  by back cor re la t ion ,  reinforces 1 
the Callrmette conference decisior~ of an upper l im i t  of .033 m g / ~  
Tab1 e I. Sediment Phosphate Content Probable Ranges 
Cor~d i t i  on Value in Water Range in Sediment 
Minimum thresh01 d .O1 m g / ~  14-400 mg/kg 
I Thresh01 d f o r  accelerated growth .1 200-4000 1 

E u t r o p h i c a t i o n  P o t e n t i a l  o f  One Dimensional Conso l i da t i on  
Also shown i n  F igu re  7 i s  t h e  range o f  va lues w i t h i n  which measureable 
movement o f  phosphate due t o  one dimensional  c o n s o l i d a t i o n  was f i r s t  observed 
i n  t he  l a b o r a t o r y  r e s u l t s  presented p r e v i o u s l y  i n  t h i s  r e p o r t .  Using t h e  
p r i n c i p l e s  employed i n  Table 1  and us ing  an average c o n s o l i d a t i o n  movement 
thresh01 d  v a l  ue o f  1500 mg/kg (1.5 mg/gm) , a  range o f  corresponding v a l  ues 
f o r  phosphate con ten ts  i n  waters i s  found t o  be .035 t o  2.5 mg/&. Th is  
probable t h r e s h o l d  range i s  shown on F igu re  6. It may be seen t h a t  t h e  
probable t h resho ld  range f o r  phosphate movement due t o  one d imens io r~a l  
c o n s o l i d a t i o n  f a l l s  w i t h i n  t h e  range o f  bo th  t h e  Calumette conference 
maximum and t h e  t h r e s h o l d  f o r  acce le ra ted  growth. It rrlay be concluded t h a t  
r e1  ease o f  phosphates from sediments due t o  consol i d a t i o n  t ype  l oad ings  w i l l  
most p robab ly  n o t  occur  except  i n  aqua t i c  systems where e u t r o p h i c a t i o n  i s  
a l r eady  a  problem. Thus eng ineer ing  ope ra t i ons  r e s u l t i n g  i n  t h e  i r ~ i  t i a t i o n  
o f  one dimensional  c o n s o l i d a t i o n  processes may aggrevate e u t r o p h i c a t i o n  where 
i t  i s  c u r r e n t l y  a  problem, b u t  such opera t ions  a re  n o t  l i k e l y  t o  i n i t i a t e  
problems i n  areas where e u t r o p h i c a t i o n  i s  n o t  c u r r e n t l y  a  problem. I n  o rde r  
t o  t e s t  t h e  appl  i c a b i l  i t y  o f  t h i s  general  i z a t i o n  t o  a  p a r t i c u l a r  s i t u a t i o n ,  
i t  i s  f i r s t  necessary t o  determine if t h e  systern i s  a t  t h e  steady s t a t e  
e q u i l i b r i u m  r a t i o  o f  t h e  o rde r  o f  10,000 t o  1. I f  t h i s  r e l a t i o n s h i p  ho lds  
then i n  a l l  p r o b a b i l i t y  t h e  g e n e r a l i z a t i o n  can be app l ied .  
E u t r o p h i c a t i o n  P o t e n t i a l  o f  D i spe rs i on  
Engineer ing opera t ions  such as dredging which cause complete d i spe rsa l  
o f  sediments i n  wate r  a r e  a  p o t e n t i a l  source o f  n u t r i e n t s .  A  s e r i e s  o f  
t e s t s  was performed us ing  Lake Mich igan sediments t o  eva lua te  t h e  q u a n t i t y  
of phosphate released by complete dispersal. The sample locations are shown 
in Figure 9. The sediments were agitated for twenty four hours with 
dist i l led water. The water was then decanted from the sediment and was 
passed through a .45p microporous f i l t e r .  The phosphate contents of the 
water and of the sedirr~ent were then determined. The tes t  results are pre- 
sented in Figure 10. Linear regression analysis indicates t h a t  the rat io 
of total phosphate t o  phosphate dislodged upon shaking with dist i l led 
water i s  of the order of 1500 t o  1 .  Thus the equilibrium rat io for com- 
pl etely dispersed soil particles re1 eases seven times as much phosphate into 
the water as the overall equilibrium rat io based on Figure 8. The total 
quantity of phosphate released will depend upon the rat io of the vol ume 
of sediment disturbed t o  the volume of water through which the phosphate 
is  distributed. 
Eutrophication Potential of Diffusion 
Diffusion processes can become important wherever an interface exists 
between soil and water. Such interfaces always exist a t  lake bottoms and 
may be created whenever large chunks of soil are released into the water. 
By the reasoning previously developed based on Figure 8, i t  would 
appear t h a t  diffusion processes would n o t  result in any net transfer of 
phosphate into or o u t  of lakes where the 10,000:l rat io exists between 
phosphate concentrations in sediments and waters. 
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t o  ask what the  r o l e  o f  sediments would be i n  contaminat ing r e l a t i v e l y  pure 
water in t roduced i n t o  aquat ic  systems. 
Mathematical models have been developed t o  represent  t he  hypothet ica l  
s i t u a t i o n  o f  a body o f  water which, by some means, has had the  phosphate 
removed from the  water bu t  which has n o t  had the  phosphate removed from the  
sediment. The sediment could then be expected t o  p rov ide  phosphate f o r  
recharge t o  the lake. The models seek t o  p rov ide  a r e l a t i o n s h i p  between t ime 
and percentage recharge. Such a r e l a t i o n s h i p  i s  important  because i f  the  
recharge r a t e  i s  high, then attempts t o  reduce the  phosphate contents o f  
lakes would be f u t i l e  unless simul taneous e f f o r t s  were made t o  reduce the  
phosphate contents o f  the sediments o r  t o  r e t a r d  the  recharge ra te .  
Three models have been developed and a re  presented i n  the  Appendix. 
A l l  o f  t he  models are predicated on the  f o l l o w i n g  assumptions: 
1. The sediment has a phosphate concent ra t ion  which i s  constant  w i t h  
depth, Resul ts  repor ted  by Moore and S i l v e r  (1972) as w e l l  as the  
data i n  F igure  10 subs tan t i a te  t h i s  approximation. 
2. The sediment i s  i n f i n i t e l y  deep. This,  o f  course, i s  n o t  t rue.  However, 
the  t o t a l  phosphate s to red i n  sediments i s  g rea t  r e l a t i v e  t o  t h a t  
requ i red  t o  rechange the  l a k e  f u l l y .  A s i n g l e  recharge o f  the  l ake  
would no t  s i g n i f i c a n t l y  reduce the  phosphate co r~ ta ined  i n  the  sediment. 
Thus, w i t h  respect  t o  the behavior o f  t he  mathematical model , the 
sediment may be taken t o  be i n f i n i t e l y  deep w i thou t  l oss  o f  accuracy. 
3. The sediment water i n t e r f a c e  i s  taken t o  be sharp ly  de f ined w i t h  
f o l  1 owing cond i t ions  assumed. 
a) d i s t i n c t  d i f f u s i o n  c o e f f i c i e n t s  on e i t h e r  s i d e  o f  the  i n t e r f a c e  
b )  no n e t  s torage o f  phosphate a t  the  i n t e r f a c e  
c )  a p a r t i t i o n  f a c t o r  o f  10,000:l between concentrat ions on e i t h e r  
s i d e  o f  t he  i n t e r f a c e  a t  a l l  t ime g rea te r  than zero. 
d )  e q u i l i b r i u m  conce r~ t ra t i ons  a t  t ime equal t o  i n f i n i t y  which have 
the  same 10,000: 1 p a r t i  t i o n  f a c t o r .  
The t h r e e  models developed d i f f e r  o n l y  w i t h  respec t  t o  t h e i r  t reatment  o f  
t he  l a k e  cond i t ions .  Model 1 assumes t h e  l a k e  t o  be i n f i n i t e l y  deep, 
Model 2 assumes the  l a k e  t o  have a f i n i t e  depth, and Model 3 assumes t h e  
l a k e  t o  have f i n i t e  depth and t o  be p e r f e c t l y  s t i r r e d  a t  a1 1 times. 
The f o l l o w i n g  parameters were used t o  model Lake Michigan: 
k = p a r t i t i o n  f a c t o r  = 1 x l o 4  (10,000:l) 
2 Dl = d i f f u s i o n  c o e f f i c i e n t  i n  sediment = 1 x cm /sec. 
2 D2 = d i f f u s i o n  c o e f f i c i e n t  i n  water = 1 x l o m 3  cm /sec. 
L = l a k e  depth = 650 cm 
ClO= i n i t i a l  phosphate concent ra t ion  i n  sediment = 3000 mg P/kg s o i l  
The r e s u l t s  o f  these computations are  shown i n  F igure  11 as p l o t s  o f  average . 
phosphate concent ra t ion  as a f u n c t i o n  o f  t ime. Time zero i s  taken as t h e  
t ime when the  l ake  i s  p e r f e c t l y  phosphate free. The p l o t  shows average 
phosphate concent ra t ion  computed as t o t a l  phosphate c ross ing  the  sediment- 
water i n t e r f a c e  d i v i d e d  by t h e  assumed depth o f  t he  lake.  
It may be seen t h a t  t h e  s o l u t i o n  f o r  an i n f i n i t e l y  deep l a k e  (Model 1 ) 
p r e d i c t s  average concentrat ions i n  excess o f  t h e  e q u i l i b r i u m  concent ra t ion  
o f  .03 mg P/a water. This,  o f  course, r e s u l t s  from f o r c i n g  the  concentra- 
t i o n  t o  be d i s t r i b u t e d  over a depth, L. Model 2 which i s  based on a f i n i t e  
depth, L, shows t h e  expected asymptot ic approach t o  an average concent ra t ion  
o f  .03 mg P/a water. However, t he  t ime a t  which Model 1 reaches 90% o f  
?1 
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.03 mgla i s  2 . 6 ~ 1 0  seconds as compared w i t h  3 . 6 ~ 1 0  seconds f o r  t h e  f i n i t e  
8 depth model (Model 2). For t imes l e s s  than 1x10 seconds t h e  two models 
g i v e  e s s e n t i a l l y  t h e  same concentrat ions.  Thus the  s imp ler  Model 1  g ives 
accurate p r e d i c t i o n s  f o r  e a r l y  t imes and i s  r e l a t i v e l y  c l ose  when t h e  
e q u i l i b r i u m  concent ra t ion  i s  approached. Reference t o  Appendix A shows 
t h a t  t h e  form o f  t h e  Model 1  s o l u t i o n  i s  much s imp ler  than t h e  Model 2  
s o l u t i o n .  
The major discrepancy occurs between t h e  Model 3  s o l u t i o n  and t h e  
Model 1  and Model 2  so lu t i ons .  Model 3  p r e d i c t s  t h a t  i f  t h e  l a k e  i s  per- 
f e c t l y  s t i r r e d  recharge w i l l  occur a t  a  rnuch f a s t e r  ra te .  The t ime f o r  
4 8 90% recharge i s  1 . 6 ~ 1 0  seconds as compared w i t h  approx imate ly  3x10 seconds 
f o r  Models 1  and 2. This  represents t he  d i f f e r e n c e  between 4.5 days and 
10 years. I n  phys ica l  terms w e l l  s t i r r e d  i r~ ip l  i e s  t h a t  t h e  phosphate con- 
c e n t r a t i o n  i s  a t  a l l  t imes kept  constant  throughout t h e  lake.  Well s t i r r e d  
cond i t i ons  may, b u t  need not ,  r e s u l t  f rom ac tua l  phys ica l  m ix ing  o f  t h e  
water. Any o f  t he  mechanisms repor ted  by Moore and S i l v e r  (1972) t h a t  
r e s u l t  i n  t r a n s p o r t  and re lease of phsophate w i t h i n  t he  water can have 
t h e  same e f f e c t  as s t i r r i n g .  Had t h e  we l l  s t i r r e d  model p red i c ted  recharge 
t imes o f  t h e  order  o f  months, t he  l a k e  might  be considered w e l l  s t i r r e d  
w i t h i n  t h i s  t ime frame. However, t h e  l a k e  could no t  be considered t o  be 
w e l l  s t i r r e d  w i t h i n  t he  con tex t  o f  a  t ime frame o f  days. 
~ o d e l  3  does, however, i n d i c a t e  t h a t  mix ing e f f e c t s  can be extremely 
impor tan t  i n  t he  s o l u t i o n  o f  t h i s  problem. While a  more p rec i se  model w i t h i n  
t he  hyd ro log i c  regime i s  beyond t h e  scope o f  t h i s  work, i t  i s  f e l t  t h a t  
such analyses should be performed. It may be concluded, however, t h a t  
recharge o f  i n i t i a l l y  cleaned lakes by d i f f u s i o n  o f  phosphates from sedi -  
ments can be expected t o  be 90% complete w i t h i n  a t  most 10 years and 
poss ib ly  considerably l ess  than 10 years. Design l i v e s  f o r  p ro jec ts  
i n v o l v i n g  cleanup o f  lakes w i l l  c l e a r l y  exceed t h i s  10 year period. Thus 
i t  i s  essent ia l  t h a t  d i f f u s i o n  recharge be considered i n  the  design o f  
such pro jec ts .  
The above models can be appl ied t o  s i t u a t i o n s  o the r  than the  recharge 
t o  p e r f e c t l y  clean lakes by p o l l u t e d  sediments. Because the  model i s  
l i n e a r ,  the  percentage recharge o f  p a r t i a l l y  cleaned lakes may be d i r e c t l y  
t reated.  Moreover, phosphate t rans fer  from water t o  sediment may be pre- 
d i c t e d  f o r  cases where excessively pol  1 bted water i s  introduced i n t o  1 akes. 
F igure 12 p l o t s  percentage t r a n s f e r  versus t ime f o r  t he  th ree models. The 
concentrat ion o f  phosphate a t  any time, t, i s  obtained by mu1 t i p l y i n g  t h e  
f a c t o r  obtained from Figure 12 by 
CZ0 - C2 equ i l  
k - (C10 - C1 e q u i l )  
where: 
CZ0 = i n i t i a l  concentrat ion i n  t h e  water 
C2 equ i l  = concentrat ion i n  the  water a t  equ i l i b r i um 
C10 = i n i t i a l  concentrat ion i n  the  sediment 
C1 equ i l  = concentrat ion i n  the  sediment a t  e q u i l i b r i u m  
It should be noted t h a t  t he  concentrat ion values f o r  t h e  sediment 
3 
should be i n  val ues o f  mg P/cm o f  sediment. Conversion may be made from 
concentrat ions i n  mg P/kg sediment by the  f o l l o w i n g  r e l a t i o n s h i p  f o r  
saturated s o i l s :  
AVERAGE P CONTENT I N  LAKE(mg/l) 
where: 3 Co = concentrat ion as mg P/cm sediment 
Eo = concentrat ion as mg P/kg d r y  s o i l  
Gs = s p e c i f i c  g r a v i t y  o f  t h e  s o i l  s o l i d s  
w = water content  o f  sediment 
The so lu t i ons  obtained above are  n o t  o n l y  app l i cab le  t o  t r a n s f e r  
between water and under ly ing sediments. They may a1 so be used t o  t r e a t  
exchange between water and earthwork s t ruc tu res  (dikes, dredging disposals, 
etc. )  and between water and r e l a t i v e l y  l a r g e  chunks o f  s o i l  placed i n  the  
water. Th is  l a s t  case must be approached w i t h  cau t ion  because a  chunk o f  
s o i l  may n o t  s a t i s f y  t h e  mathematical requirements o f  an " i n f i n i t e l y  deep" 
s o i l  deposi t .  
P red ic t i on  o f  t he  E f fec ts  o f  Engineering Operations on Eut roph ica t ion  
Whenever an engineering opera t ion  i s  undertaken i n  aquat ic  environ- 
ments, a  danger e x i s t s  o f  i n i t i a t i n g  o r  aggrevat ing en t roph ica t i on  problems 
by re1 easing add i t i ona l  n u t r i e n t s  from s o i l s  i n t o  the  aquat ic  environment. 
Conversely, t he  poss ib i  1  i ty a1 so e x i s t s  o f  removing n u t r i e n t s  from waters 
through d i f f u s i o n  i n t o  r e l a t i v e l y  unpol luted s o i l s  used i n  const ruc t ion  
pro jec ts .  The models developed above may be used t o  o b t a i n  q u a n t i t a t i v e  
est imates t o  a  v a r i e t y  o f  p r ~ b l e m s  o f  these types. The var ious types o f  
operat ions may be d i v ided  i n t o  f o u r  categories. 
1. Exposure o f  new s o i l  surfaces. Operations t h a t  resu l  t i n  t h e  
exposure o f  new s o i l  surfaces i n  the  aquat ic  environment w i l l  r e s u l t  i n  
t r a n s f e r  o f  phosphate n u t r i e n t s  e i t h e r  i n t o  o r  o u t  o f  t he  water i f  the  
water and s o i l  are no t  i n i t i a l l y  a t  e q u i l i b r i u m  condi t ions.  Problems o f  
t h i s  type a r i s e  from such operat ions as exposure o f  new surfaces by 
dredging, underwater excavation, underwater lands l ides ,  cons t ruc t i on  o f  
d ikes and underwater embankments. These problems may be t rea ted  by us ing  
any o f  Models 1, 2 o r  3. The t o t a l  q u a n t i t y  o f  phosphate t rans fered as 
we1 1  as the  percentage o f  equ i l  i b r i um may be computed as a  f u n c t i o n  o f  
t ime. 
2. Dispers ion dynamics. Operations t h a t  thoroughly d isperse s o i l  
i n t o  d i s c r e t e  p a r t i c l e s  o r  groups o f  p a r t i c l e s  may r e s u l t  i n  the  re lease 
o f  phosphate i n t o  the  aquat ic  environment. Typ ica l  engineer ing operat ions 
i n v o l v i n g  d i spe rs ion  a re  dredging, sediment r e d i s t r i b u t i o n  by changing 
c u r r e n t  pa t te rns ,  and operat ions i n v o l v i n g  the  resedimentat ion o f  s o i l s  
(hyd rau l i c  f i l l i n g ) .  Only l i m i t e d  d a t a a r e a v a i l a b l e ,  however the  e q u i l i -  
br ium r a t i o  f o r  Lake Michigan s o i l s  o f  1500:l provides a  bas is  f o r  
es t ima t ing  the  approximate q u a n t i t i e s  t o  be released. It i s  suggested, 
however, t h a t  i n d i v i d u a l  cases be t rea ted  separately.  The t o t a l  q u a n t i t y  
o f  sediment invo lved must be known because the  t o t a l  phosphate content  may 
be used up before  t h e  e q u i l i b r i u m  r a t i o  i s  reached. 
3. Compression hydrodynamics. Loadings which r e s u l t  i n  dynamic 
ou t f l ow  o f  water from s o i l s  may r e s u l t  i n  t ranspor t  o f  ions  i n t o  the  
aquat ic  environment. Such s i t u a t i o n s  may a r i s e  i n  any opera t ion  t h a t  
r e s u l t s  i n  one dimensional consol i d a t i o n  processes. Typ ica l  examples 
would i nc lude  any case where the  s o i l  s t ress  i s  increased due t o  add i t i ona l  
1  oadi ng being appl ied. Such increased 1  oadi ngs would r e s u l t  f rom construc- 
t i o n  o f  embankments o r  from p lac ing  foundations f o r  s t ruc tu res  on t h e  l a k e  
bottom. A t  present  these problems can be t rea ted  semiquan t i t a t i ve l y  based 
on the  r e s u l t s  presented i n  t h i s  repo r t .  
More complicated const ruc t ion  problems can be t rea ted  as a  combina- 
t i o n  o f  the  th ree s i t u a t i o n s  c i t e d  above. However, i n  such s i t u a t i o n s  
each case would need t o  be t rea ted  i n d i v i d u a l l y .  
RELATIONSHIP TO WATER RESOURCES PROBLEMS 
The preceding phase o f  t h i s  research as reported i n  UILO-WRC-72--0050 
Research Report No. 50, the  Role o f  Sediments i n  Eut roph ica t ion  -- A  Pre- 
1 l i m i n a r y  study by the  authors provided in format ion  on the  d i s t r i b u t i o n  o f  
phosphates i n  aquat ic  systems and the  poss ib le  mechanisms f o r  exchange of 
phosphates between sediments and waters. Th is  r e p o r t  has co r re la ted  t h e  
i n fo rmat ion  prev ious ly  reported, has presented conclusions concerning the  
physical  aspects o f  exchange, and has developed mathematical models t o  be 
used i n  p r e d i c t i n g  both t o t a l  exchange and t ime r a t e  o f  exchange f o r  a  
v a r i e t y  o f  s i t ua t i ons .  
These so lu t i ons  have been developed so t h a t  they may be app l led  t o  
the  p r e d i c t i o n  o f  t he  environmental impact o f  var ious earthwork construc- 
t i o n  t h a t  might be undertaken i n  aquat ic  environments. While i t  i s  n o t  
poss ib le  t o  t r e a t  s p e c i f i c  cases * i n  t h i s  repo r t ,  the p r i n c i p l  es developed 
have been presented i n  a  manner which a l lows them t o  be r e l a t i v e l y  e a s i l y  
app l ied  t o  any g iven case. The authors be l i eve  t h a t  such s tud ies  are  
essent ia l  i f  the  q u a l i t y  o f  our  aquat ic  environments a re  t o  be improved. 
C lear ly ,  the  r o l e  o f  sediments i n  eu t roph ica t ion  processes i s  important.  
Any a c t i o n  which 
1. d i s t u r b s  i n  place sediments, 
2. r e s u l t s  i n  an unbalance i n  concentrat ion o f  phosphate between 
sediments and waters, o r  
3. r e s u l t s  i n  water being forced o u t  o f  sediments 
may result in further pollution of lake waters. This report has out1 ined 
the potential seriousness of the contribution of phosphates from sediments 
and has presented analytical tools to be used in their evaluation. I t  i s  
hoped that these tools may 1 i  kewise be used to control problems of eutrophi- 
f 
cation. \ 
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APPENIIIX: Mathematical Model s 
Model 1 : D i f f u s i o n  i n t o  i n f i n i t e l y  deep l a k e  f rom an i n f i n i t e l y  deep 
sediment. 
Consider d i f f u s i o n  i n  a two phase system where i n  r e g i o n  1 ( t h e  
sediment)  x r 0, t h e  d i f f u s i o n  c o e f f i c i e n t  i s  Dl, t h e  i n i t i a l  concentra- 
t i o n  i s  Co and t h e  u l t i m a t e  concen t ra t i on  i s  C1. I n  r e g i o n  2 ( t h e  
wa te r )  x < 0, t h e  d i f f u s i o n  c o e f f i c i e n t  i s  D2, t h e  i n i t i a l  concen t ra t i on  
i s  ze ro  ( i . e .  a " c l e a r "  l a k e ) ,  and t h e  u l t i m a t e  c o n c e n t r a t i o n  i s  C2. 
The d i f f u s i o n  equat ions are:  
acl ( x , t )  a2Cl ( x , t )  
a t  = Dl ax2 x > 0 (Region 1 )  
ac2(x , t )  a2C2(xy t )  
= D2 x < 0 Region 2) 
a t  ax2 
The i n i t i a l  condi  t i o n s  are: 
Cl (x.0) = co ( 3  
C2(x,0) = 0 ( 4 )  
The boundary c o r ~ d i  t i o n s  are: 
Cl(-.t) = Co ( f i n i t e )  t < w  (5 
C 2 ( - 4 )  = 0 ( f i n i t e )  t < w  (6) 
acl Dl - = aC2 
D2 ax (no s to rage  a t  i n t e r f a c e )  t > 0 ax (8 
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Model 2: D i f f u s i o n  i n t o  a l a k e  o f  f i n i t e  depth, 'L, frorn an i n f i n i t e l y  
deep sediment. 
Consider d i f f u s i o n  i n  a two phase system where i n  r e g i o n  1 ( t h e  
sediment) x  < 0, t he  d i f f u s i o n  c o e f f i c i e n t  i s  Dl, t h e  i n i t i a l  concentra- 
t i o n  i s  Co, and the  u l t i m a t e  concent ra t ion  i s  C1. I n  r e g i o n  2 ( t h e  water 
o f  depth, L )  0  i x < L, t he  d i f f u s i o n  c o e f f i c i e n t  i s  D2, t he  i n i t i a l  
concen t ra t i on  i s  zero ( i  .e. a  "c lean"  l ake ) ,  and t h e  u l t i m a t e  concent ra t ion  
i s  C2. 
The d i f f u s i o n  equations are: 
acl ( x , t )  a2C1 ( x , t )  
= Dl x < O  (Region 1 )  
a t  ax2 ( 1  
aC2(x,t) a2c2(x, t )  
= D2 
0 < x  r L (Region 2) 
a t  ax2 
The i n i t i a l  cond i t i ons  are: 
Cl ( x  ,O) = Co ( f i n i t e )  
The boundary cond i t i ons  are: 
Cl ( - " ' t )  = Co ( f i n i t e )  t < =  
aC1 - aC2 
'1 ax- '2 ax (no s to rage a t  i n t e r f a c e )  t > 0 (8)  
Laplace t ransforms may be conven ien t ly  employed t o  so l ve  t h i s  problem. 
A t ra r~s for r r~ed s o l u t i o n  f o r  reg ion  2 i s  
C2(x.p) = B  cosh (@ x)  + A s l n h  (p x )  
'2 D2 
aC2(x.p) 
ax 
= B &  s inh  ( a x ) + A @ c o s h  ( o x )  (10) 
2  '2 '2 ' 2  
P u t t i n g  Eq. (10) i n t o  Eq. (6 )  g ives 
A = - B  tanh (Ie L  ) . 
' 2  
P u t t i n g  Eq. (11) i n t o  (6 )  g ives 
C2(x,p) = B  cosh ( J y x )  - B  tanh (m L )  s i n h  (q x) .  (12) 
' 2  '2 2  
Expressi ng the  hyperbol i c  terms as exponent ia l  s  and simp1 i f y i  ng g ives  
cosh [ @ (L - x ) ]  
n 
cash [/l (L ) ]  
D2 
A transformed s o l u t i o n  i n  reg ion  1  i s  
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Model 3: D i f f u s i o n  i n t o  a  w e l l  s t i r r e d  l a k e  o f  f i n i t e  depth, L, f rom an 
i n f i n i t e l y  deep sediment. 
Consider d i f f u s i o n  i n  a  two phase system where i n  r e g i o n  1  ( t h e  sediment)  
x  < 0, t h e  d i f f u s i o n  c o e f f i c i e n t  i s  Dl, t h e  i n i t i a l  c o n c e n t r a t i o n  i s  C,, 
and t h e  u l t i m a t e  concen t ra t i on  i s  C1. I n  r e g i o n  2  ( t h e  wate r  o f  depth, L )  
0  5 x  5 L, t h e  wate r  i s  always w e l l  s t i r r e d ,  t h e  i n i t i a l  concen t ra t i on  i s  
ze ro  ( i .e .  a  "c lean"  l ake ) ,  and t he  u l t i m a t e  concen t ra t i on  i s  C2. 
The d i f f u s i o n  equat ion  i n  r e g i o n  1  i s :  
The i n i t i a l  c o n d i t i o n  i s :  
The boundary c o n d i t i o n s  a re :  
C(w,t) = Co ( f i n i t e )  
The t o t a l  i ons  con ten t  o f  t h e  system i s  cons tan t  and t h e  concen t ra t i on  
i n  r e g i o n  2  i s  uni form. Th is  may be expressed mathemat ica l l y  by d e f i n i n g  
as be ing  t h e  amount o f  i o n s  l e a v i n g  t h e  system t h a t  were con ta ined  between 
planes a t  d i s t ances  x  and 00 f rorr~ x  = 0. Th i s  i s  necessary (Wilson, 1948) 
t o  avo id  non-Strurrl-Ciouvi 1  l e  boundary c o n d i t i o n s  a t  x  = 0. Now 
P u t t i n g  Eq. ( 1 )  i n t o  Eq. ( 5 )  g i ves  
I n t e g r a t i n g  once ,and i n t r o d u c i n g  Eq. (3 )  g i ves  
Tak ing d e r i v a t i v e s  o f  ( 4 )  w i t h  r espec t  t o  x g i ves  
P u t t i n g  (9 )  i n t o  (7)  g i ves  
The boundary c o n d i t i o n  a t  x = 0  i s  i n t r oduced  by cons ide r i ng  t h e  t o t a l  
i ons  i n  t he  system. The t o t a l  i ons  i n  r e g i o n  1  i s  g i ven  by  y (0 , t ) ;  
w h i l e  t h e  i o n s  i n  t h e  water  i s  g i ven  by 
Thus f o r  a  cons tan t  q u a n t i t y  o f  ions  i n  t h e  system 
saA;qeAkJap 6u;yeq ICq 4 oq IC uo~4 pauJo4sueJq s; (01) uokqenb3 
(LL) x03 = (06x)4 
(EL) auk (91) 6u;qqnd 
(91) 0 = (oCx)L 
331 
-L - 6queqsuo:, ayq 40 a3uasa~d 
'31 
ayq ~o4 qdam adAq all;Ano!i-uJnqS ayq 40 sk uokqkpuo3 hepunoq sky1 

L dF(x9p) = 0 F(x9p) - dx (X  = 0)  
A s o l u t i o n  t o .  (25) obeying c o n d i t i o n  (22) i s  
D i f f e r e n t i a t i n g  (27) w i t h  respec t  t o  x  g ives 
Eva lua t ing  a t  x  = 0  g ives 
P u t t i n g  (27) and (29) i n t o  (26) g ives  
P u t t i n g  (30) i n t o  (27) g ives  
Inverse  transforms from tab les  g i v e  
-I 
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